This paper presents the results of 11 years study of aquatic warblers in the Roskosz Nature Reserve in eastern Poland. The study was carried out in fen mires near Chełm, in the proximity of the Polish-Ukrainian boundary. The number of aquatic warblers was correlated with the mean water level and with the mean groundwater level. We found that the higher the surface water level, the smaller the number of singing males. The largest number of males (density 10.9 singing males per 10 ha) was found when the mean water level was 23.7 cm, and the smallest number (density 2.1 singing males per 10 ha) when the mean water level was 35.7 cm. These results can be useful in studies that focus on the optimal habitat conditions for breeding of aquatic warblers. This is the first systematic study in calcareous Cladium mariscus fen mires.
Introduction
The aquatic warbler (AW) Acrocephalus paludicola is the rarest migratory bird in Europe. Globally threatened (VU: vulnerable in the Red Data Book category), the species is running a fairly high risk of extinction [1] . Worldwide, AW is known to reproduce in only 40 localities situated across six countries. About 90-95% of the world population, estimated at 10,500-14,200 singing males (♂♂) is located in Belarus, Ukraine, and Poland [2] . More than 90% of the Polish population sits in two areas: Biebrza valley (2,761 ♂♂, or 22% of the world population) and the Polish part of Polesie (494 ♂♂, or 4%). In Polesie, AWs breed above all in Polesie National Park (297 ♂♂, 2.4% of the world population) and on the fen mires near Chełm (195 ♂♂, 1.6%). Because the fen mires near Chełm are home to >1% of the world population, monitoring areas have been set up there, inter alia in the Roskosz Nature Reserve [2] [3] [4] [5] .
AW feed on relatively large invertebrates, in contrast to related species like the sedge warbler Acrocephalus schoenobaenus [6] . Preferred sites of occurrence are sedge, fen mires, Cladium mariscus marshes, and wet sedge meadows in river valleys [2] . They inhabit natural fen mires or similar habitats as eutrophic and mesotrophic river valleys [7] [8] [9] . They prefer an environment with the sedge Carex sp. up to 80 cm tall and no more than a few cm of water [3] . The most important threats are loss of breeding habitat owing to drainage for agriculture and peat extraction, damming of floodplains, unfavourable water management, and the canalization of rivers [10] .
Studies of the AW's habitat conditions have indicated that water level is one of the main factors governing the presence of this species [2] [3] 7] . The density of singing AW males is a good indicator of the density of females as the higher density of males also means a higher density of females. But densities are influenced by water level because when the water level is too high (above 20 cm), females do not build nests [3, 7, 11] . Water affects the accessibility of nests to predators, the composition and abundance of food resources, and, hence, breeding success [3, 7, 11] . Although AW has been the object of a many investigations during the last 20 years [7, [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] , the relevant literature does not boast a set of long-term data gathered every year on the same area, especially in the context of water-level changes. In fact, even though these studies could have great importance for the conservation planning of the species in Europe, the analysis of such long-term data on changes in AW numbers and water-level records is a problem that has yet to be addressed. A study on habitat parameters in Cladium fen mires is a new aspect not yet published.
The main objective of this study was to assess the longterm changes in AW numbers in relationship to changes in the water level. This is the first systematic study in calcareous Cladium mariscus fen mires.
Materials and Methods
The study was carried out in Roskosz Nature Reserve (N51°08′41″, E23°39′38″; 473 ha) over a period of 11 years (2004-14) . Counting of singing males was carried out on a survey plot (area 182 ha). The survey plot was set up in a marshland complex situated in eastern Poland, about 15 km from the town of Chełm. The landscape of the study area is dominated by the Cladietum marisci sedge community, and it is a wetland area. These marshes are produced by karst processes due to the accumulation of organic and mineral matter in hollows in the terrain. Marshes are supplied with water solely from precipitation and runoff from the surrounding hills and fed by groundwater. This marshland is an internationally renowned refuge for birds -protected within the European NATURA 2000 network -as the Chełm Calcareous Marshes [21] .
AWs were counted during the first broods from 20 May to 10 June. The counts were done in the evening from 19:30 to 21:30, that is, around one hour before sunset and half-an-hour after sunset, in accordance with the methodology for studying this species [3, 7] . Singing AW male were counted on the survey plot by a team of 6-8 persons who walked along fixed routes separated by a distance of 50-70 m. Observers were equipped with GPS receivers for defining and recording the geographical coordinates of the AW male they encountered. Observers did not approached the males, and only at a distance > 50 m (the enforced options displaceable point) did they marked the position of the male. This enabled the number of singing males and their distribution on the survey plot to be established. Water levels on the survey plot were measured directly during the AW counts (14-16 readings were taken at randomly selected points), but approximately the same areas were assessed each year. Additionally, the surface water levels were referred to the groundwater levels measured with a piezometer at the Olenówka water gauge (R5T), which is situated at a close 1.3 km distance by the survey plot. Groundwater levels were measured once a month, and the averages of two readings (temporarily closest to the counting time) were used in calculations.
For this study we applied the GAMM model, taking into account time series and temporal autocorrelation between the number of singing males across the years of observation, and then incorporating the temporal noise in the model procedure. The noise modelling is achieved via a non-separable time-vector autoregressive process. Here we used the MGCV package, and a term based on temporal autocorrelation was added to the model. The structure of the model considers the count of singing males (Poisson distribution) in response to temporal (year of survey) and environmental (level of water) effects. The term based on temporal autocorrelation was defined by the year of the survey.
Correlations between the number of birds and the measurements of water level in the study area were determined by the common non-parametric Spearman rank correla-tion coefficient (r s ) [22] using the 'corr.test()' function. All the calculations for determining statistically significant dependency between the considered variables were made using R software [23] .
Results and Discussion
The number of singing AW males varied from 19 (2013) and 2014 (SE = 3.7 cm), and the smallest in 2012 (SE = 1.8 cm) and 2003 (SE = 2.58 cm). The changes in number and density of singing males were correlated with the variability of water levels. Analysis of the relationships between the water level on the survey plot and the number of AWs revealed a strong statistically significant negative correlation between these two variables (r s = -0.827, p = 0.003). These results show that increasing water levels are accompanied by decreasing numbers of AWs on the survey plot (Fig. 1) . A smaller number of singing males was found during higher water level and the largest number of males was recorded in 2004, when the mean water level was 23.7 cm (range 5-34 cm), and the smallest number of singing males was recorded in 2013, when the mean water level was 35.7 cm (range 13-52 cm) ( Table 1) .
Additional data on the water regime on the fen mire during the study period was obtained from piezometer (R5T) readings of the groundwater level. These readings showed that the groundwater depth was negatively correlated with the mean surface water level on the survey plot (r s = -0.809, p = 0.004). This implies that groundwater level can be used as an alternative and simpler method of monitoring the level of surface water. Direct correlation between the groundwater levels and the AW numbers on the fen mire is also strongly significant (r s = 0.764, p = 0.009).
The results of GAMM model confirm that the number of singing AW males of was strongly correlated with the mean water level (cm). The mean water level was a significant predictor of the number of males singing and the value of the estimate was negative (Table 2) .
During the past 100 years, the numbers of AWs has declined heavily both in Europe as a whole [2] and in Poland [4] . In the 19 th century, AWs nested practically everywhere in the Polish lowlands, and in large numbers in the Polish part of Polesie [24] . In 2003 the AW population in Poland was estimated at 3,400-3,550 singing males (J. Krogulec and J. Kloskowski, unpublished data). AW counts in Poland yielded 3,154 singing males in 2009 [25] and 3,256 males in 2012 [26] . In the last 20 years, the numbers of AWs have decreased by ca 30% in the whole of the Roskosz Nature Reserve ( Table 1 ). The counts done on the survey plot also show quite considerable fluctuations in numbers. In contrast, the state of the whole population inhabiting the Polish part of Polesie appears to be stable with just a 5-10% drop in numbers ( Table 2 ). The main factors affecting AW numbers, and hence breeding success, are habitat conditions [3, [7] [8] , predation [8] , and food resources [6] [7] 27] . The habitat conditions on the fen mires near Chełm are fairly stable, but the water level does change conspicuously. The fluctuations in water level are of a longterm nature, however, without any sudden changes during one breeding season. The mean water level on these fen mires over a period of 11 years (2004-14) varied from 24 to 36 cm. The measured depth of water was greater, and the density of singing males (from 2.1 to 10.9 ♂♂/10 ha) distinctly smaller than the corresponding parameters reported from the Biebrza Marshes [3, [7] [8] , Belarus [8] , and Pomerania [13] . The Polish breeding localities of AW on the Biebrza and Narew are periodically inundated by waters from the two rivers, which reduces the stability of the breeding habitat. Results from the Biebrza Basin indicate that the optimum water level for AW broods in Poland is a few centimetres (1-10 cm) [7] . The only difference between Cladium marshes and fen mires is that in the investigated Cladium marshes the preferred water level is clearly higher. A higher water level makes this habitat less attractive to AWs. Indeed, when water levels in the Biebrza Valley exceed 20 cm, no singing AW males were found [3] . This dependence was also observed in the Roskosz Nature Reserve. An important aspect for the protection (species conservation planning) of AW is to keep maintaining the aboveground water level to 10 cm. The higher water level limits nesting or makes it even impossible. In the case of Pomeranian breeding areas (Wolin National Park, Rozwarowo Marshes, Lower Oder Valley National Park, Warta Mouth National Park, Karsiborska Kępa, Gryfino), females built their nests in places that are characterized by moist to wet soils (without water above soil surface) [12] . The water level on those areas in late May and early June was only 0.5 cm [13] .
Conservation Implications
Habitat quality, expressed inter alia by the water level, affects the attractiveness of an area to AWs. Optimal habitat conditions, in combination with abundant food resources and minimal pressure from predators, enable AWs to achieve greater breeding densities. A fairly high breeding AW density was reported from the "Zvanets" reserve in Belarus, where the density of singing males during the first brood was 8.1 ♂♂/10 ha [8] . The water level at this locality in spring is from 20 to 50 cm, but gradually falls as the breeding season progresses. In May and June, when AWs start to breed, the water reaches its optimal level of a few to a dozen or so cm [3, 8] . The water level in the breeding locality and its periodic fluctuations are extremely important factors as regards breeding success of AW and other bird species [28] [29] [30] [31] . The results from Belarus indicate that sudden changes in water level due to heavy rainfall can cause nests to be flooded and therefore lost [8] . Observations from two other large AW localities in Belarus include Dikoe and Sporovskoe.
Dikoe is an example of a locality where the water level in the breeding habitat depends mainly on rainfall. Normally the water level is near zero, but can rise very quickly following heavy summer rains, and this affects the density of singing males (4.7 ♂♂/10 ha). This density is lower than that in the Zvanets Reserve, where there are greater fluctuations in water level. Sporovskoe Reserve in the valley of the Yaselda River is dependent on floodwaters from this river, and in the breeding season the water level can change from more than 40 cm above to 30 cm below ground level [8] . The density of singing males in such habitat conditions was lower than in the Zvanets Reserve. Changes in water level during the breeding season are potentially detrimental to incubating females, because any significant water rise will flood nests, which are usually built just a small distance above the water level [7, 32] . In such strongly transformed habitat conditions, the chances of species surviving are not very great -especially for a specialised one like AW [6, 27] . Dynamic changes in habitat combined with falls in numbers have been recorded in the German part of Pomerania [13, 33] . The AWs in that locality moved to wetter sites, abandoning the dry ones.
These results confirm the importance of water as one of the principal habitat factors for this species of bird in calcareous Cladium mariscus fen mires. Our findings are also useful on the study of the niche occupied by the species. In this sense, our results can constitute an important input to the development of more accurate species distribution models (SDMs) [34] for the AWs, and help to understand the potential response of the species facing climatic change scenarios. One factor directly associated with habitat moisture levels is the succession of plants -mainly reeds and shrubs. The negative aspect of this process (the overgrowing of open spaces by shrubs and reeds) has been quite widely described [3, [35] [36] . One way of halting this succession is to mow the fen mires, which improves the habitat conditions for AW. The results in counts on the survey plot in the Roskosz Nature Reserve that appear to confirm this. After this area was mown in autumn 2011, there was a distinct rise in the number of singing AW males in the following season. Similar effects were observed on the Biebrza [11, 37] and in Polesie National Park [20] .
Conclusion
The number of AWs was correlated with the mean water level and with the mean ground water level. We found that the higher the surface water level, the smaller the number of singing males. These results can be useful in the studies focused on the optimal habitat conditions for AW breeding.
Water levels in breeding localities and their periodic fluctuations are extremely important factors as regards breeding success. Changes in water level during the breeding season are potentially detrimental to incubating females, because any significant rise can flood nests, which are usually built just a small distance above the water level. In such strongly transformed habitat conditions, the chances of species survival are not very great -especially for a specialised one like AW.
These results confirm the importance of water as one of the principal habitat factors for this species of bird. Our findings are also useful on the study of the niche occupied by the species. In this sense, our results can constitute an important input to the development of more accurate species distribution models and help to understand the potential response of the species facing climatic change scenarios.
